The transition from vegetative to reproductive phase, flowering per se , floral organ development, panicle structure and morphology, meiosis, pollination and fertilization, cytoplasmic male sterility (CMS) and fertility restoration, and grain development are the main reproductive traits. Unlocking their genetic insights will enable plant breeders to 
Introduction
Maize, rice and wheat are the major food crops worldwide, and together they contribute 74% -86% of the world's 90% of whom will live in developing countries (Bruinsma, 2003) . It is therefore crucial to ensure not only that sufficient food is produced to feed this expanding population, but also that it is easily accessible to all. The Green Revolution more than doubled world grain production, thereby averting largescale famine in the 'developing world'. Crop productivity will need to be raised further to meet the growing demand for food crops.
Hybrid cultivars have made a significant contribution to the world's food supply. In cereals, heterosis has been exploited in maize, rice, sorghum and pearl millet to produce highyielding hybrids that, by far, dominate the global acreage for each crop. For example, about 95% of corn acreage in the USA is planted to hybrids that exhibit a 15% yield advantage relative to the best open-pollinated cultivars (Duvick, 1999) , and more than half of the total rice-growing area in China is planted with hybrid rice cultivars ). The three-or two-line systems for producing hybrid seeds are well established in cereal crops. Cytoplasmic male sterility (CMS) and fertility restoration systems in three-line hybrids and environmentally sensitive genetic male sterility in two-line hybrids are used to produce hybrid seeds. Understanding the molecular mechanism of CMS and fertility restorer ( Rf ) genes and the molecular basis of environmentally induced genetic male sterility could improve the efficacy of hybrid technology.
Plants are sessile, and flowering is a key adaptive trait that contributes to their fitness by ensuring that they flower at an optimum time for pollination, seed development and dispersal.
In addition to flowering per se , flower structure (more specifically male and female reproductive organs), panicle morphology, meiosis, pollination, fertilization and seed development are the major reproductive traits that influence grain yield. The mechanism of meiotic recombination and gamete formation ensures genomic stability and unfolds the genetic variation for targeted alterations in plant genomes.
DNA marker-aided analysis of reproductive biology is still an emerging area. This contrasts with the situation for quality traits or resistance to biotic stresses, where considerable knowledge has been generated about genes and quantitative trait loci (QTLs), and DNA markers associated with these traits have been identified (Dwivedi et al ., 2007, and Global warming as a result of climate change will affect grain yields of cereals, particularly in non-temperate regions.
By 2100, average global temperatures could rise by as much as 6 ° C under the business-as-usual scenario (http:// www.fao.org/docrep/005/y4252e/y4252e15.htm). High temperatures impair plant reproductive processes in particular, and thus may significantly reduce grain yields. For example, grain yield declined by 10% for each 1 ° C increase in the growing season minimum temperature in the dry season, whereas the maximum temperature had no significant effect on rice yield .
Recent advances in plant biotechnology can help to address food security concerns. The structure of the cereal genomes and genes contained within them will aid geneticists and molecular biologists to understand cereal biology and help plant breeders to develop better products. Because of the remarkable degree of collinearity amongst grasses, rice can be used as a model plant for cereal genomics. This will greatly facilitate the isolation of agronomically important genes and our understanding of genome evolution. The rice genome has been fully sequenced, and this information can be used to obtain greater insights into the syntenic relationship between rice and the major cereals (Sasaki and Antonio, 2004) .
Applied genomics for rice, wheat, maize, barley and pearl millet has provided useful new tools for breeding, and marker-assisted genetic enhancement has led to the development of several improved cultivars and advanced lines that show greater yields, possess good grain quality and minimize damage caused by pests and diseases. The introgression of beneficial genes under the control of specific promoters through transgenic approaches is another targeted approach to crop improvement. Genomic sciences have already identified many genes that have exciting potential for this purpose.
Many genes and QTLs for important agronomic traits in cereals have been cloned, and are good candidates for transformation into other cultivars of the same crop, or into other cereals, without additional modification (Dwivedi et al ., 2007 , and references cited therein).
Flowering has been researched in detail in the model plant
Arabidopsis , and in some grasses (Putterill et al ., 2004; Corbesier and Coupland, 2006; Roux et al ., 2006; Cockram et al ., 2007) . Inflorescence branching is a major yield trait in crop plants. It is controlled by the developmental fate of shoot apical meristems, and variation in branching patterns leads to diversity in inflorescences and affects crop yield; a number of mutants with altered inflorescence structure have been used to study the molecular and genetic control of grass inflorescence (Vollbrecht et al ., 2005; Malcomber et al ., 2006; Satoh-Nagasawa et al ., 2006; Kellogg, 2007; Prusinkiewicz et al ., 2007) . A number of mutants defective in several aspects of organ development and meiosis in Arabidopsis have been used extensively to study the genetic and molecular basis of plant meiosis (Schwarzacher, 2003; Hamant et al ., 2006; Ma, 2006) . Information derived from this model plant is being used to study meiosis and crossover effects in crop plants including cereals. In contrast with flowering, inflorescence and plant meiosis, to the authors' best knowledge, there have been only a couple of thorough reviews on the development of marker-assisted selection strategies for breeding hybrid rice (Xu, 2003) , and on the nature and origins of the genes that determine CMS or plant mitochondrialnuclear interactions (Chase, 2007) , but there have been some recent reports on gene expression for dissecting the molecular basis of heterosis in maize, rice and wheat (Dwivedi et al ., 2007 , and references cited therein).
In this review, brief descriptions are given of the following:
the model explaining floral organ development; the molecular basis of plant meiosis; molecular mechanisms regulating inflorescence architecture; mapping and cloning of genes or QTLs associated with phase transition (vegetative to reproductive growth) and variation in flowering and spike and grain development traits; gene expression with respect to floral organ development, pollination, fertilization and grain development; the molecular basis of CMS and the mapping and cloning of Rf genes; DNA markers for maintaining the purity of CMS and maintainer lines and hybrids;
marker-assisted selection to pyramid tms (thermosensitive male sterility) and Rf genes; and transgenic approaches to hybrid breeding in cereals.
Flowering

ABC model and MADS-box genes in flower organ development
Flowers normally consist of sepals, petals, stamens and pistils that arise in four concentric rings or whorls. The ABC model explaining flower development as the combination of different identity factors was postulated in the early 1990s (Bowman et al ., 1991; Coen and Meyerowitz, 1991) . The A signals specify whorl 1 or sepal formation, A + B direct whorl 2 or petals, B + C whorl 3 or stamens, and C whorl 4 or carpel formation ( Figure 1 ). Moreover, A and C functions are mutually repressive (Jack, 2004) . By using a mutagenesis approach, the genes responsible for the identity of different whorls have been cloned. For example, in Arabidopsis , the A function is triggered by APETALA1 ( AP1 ) and APETALA2 ( AP2 ), the B function by AP3 and PISTILLATA ( PI ) and the C function by AGAMOUS ( AG ). Ectopic expression of these genes in flowers is sufficient to trigger differentiation of the individual organs (Jack, 2004) . Although AP2 defines whorls 1 and 2, transcripts accumulate in all the floral whorls (Jofuku et al ., 1994 ). This suggests a more complex role for AP2 in organ determinism. Null mutations in AP2 induce the formation of reproductive organs in place of petals and sepals (Bowman et al ., 1991) . Ectopic expression of AG in the outer whorls produces a similar phenotype to AP2 mutants (Mizukami and Ma, 1992) . Moreover, loss of function of AG induces petal formation instead of stamens, together with additional flower formation in place of carpels (Bowman et al ., 1991) .
This suggests that AP2 and AG have an antagonistic effect.
Recently, it has been shown that microRNAs play a role in determining floral identity. MicroRNAs induce post-transcriptional degradation of genes by recognizing complementary sequences in the transcripts. For example, miR172 appears to be a negative regulator of AP2 (Zhao et al ., 2007) . Moreover, in petunia, two members of the miR169 family (BL and FIS) appear to regulate inner whorl identity, as null mutations increase C-function gene expression (Zhao et al ., 2007) .
Future work will probably demonstrate the increasing importance of microRNAs in the regulation of flowering.
In addition to the ABC model, a D-function gene, which controls the specific formation of ovules, has been defined ( Figure 1 ). Two D-function genes, FBP7 ( floral binding protein ) and FBP11 , specify placenta and ovule identity in petunia, and, when these genes are silenced, ovules fail to develop . Moreover, ectopic expression of FBP11 produces ovules on sepals and petals (Colombo et al ., 1995) . In Arabidopsis , the D-function gene SEEDSTICK ( STK ) is solely expressed in ovules and corresponds to FBP7 and FBP11 (Favaro et al ., 2003) . The latest addition to the ABC model is a fifth set of genes, the E class (Figure 1 ), necessary for normal flower development: SEPALLATA ( SEP ). In Arabidopsis , triple mutants in SEP1-3 produce flowers consisting solely of sepals (Pelaz et al ., 2001 ). This suggests that the A function alone is responsible for sepal formation, whereas petals, stamens and carpels also require the E function. This has been confirmed experimentally, given that ectopic expression of SEP3 in Arabidopsis in conjunction with AP3 and PI produces petallike organs, and over-expression of AG , AP3 , PI and SEP3 produces stamen-like organs (Honma and Goto, 2001 ). The SEP proteins control organ identity through the formation of multimeric complexes with other MADS-box proteins, such as STK. Genetic evidence for this role has been demonstrated: a decrease in SEP activity led to a loss of ovule development (Favaro et al ., 2003) .
Flower morphology in cereals differs from flower morphology in other species, making comparisons in floral organ development The lodicules correspond to whorl 2, the stamens to whorl 3 and the pistil to whorl 4 of Arabidopsis . It is not yet clear which structures correspond to whorl 1, although it might be assumed that the lemma/palea structures correspond to the sepals. The MADS-box proteins orthologous to all organ identity classes (ABCD and E) have been found in cereals (Bommert et al ., 2005b; Zhao et al ., 2006a) .
In Arabidopsis , the A-class genes responsible for sepal and petal identity include AP1 and AP2. The grass genes belonging to the AP1 family have been found in maize (Zap1a and Zap1b), rice (OsMADS14, OsMADS15, OsMADS18 and OsMADS20) and barley (BM3 and BM8), and the VRN1 gene complex in wheat (Whipple et al., 2004; Zhao et al., 2006a) .
Using RNA profiling, Mena et al. (1995) showed that Zap1a was expressed in the outer whorls of the maize floret, but not in the stamen and pistil. Similarly, OsMADS14 expression was not detected in the reproductive organs, but did occur in the palea, lemma and lodicule (Kyozuka et al., 2000) . Based on sequence homology, at least six A-class proteins have been found in wheat (Zhao et al., 2006a) . Although there might be some redundancy, the size of this gene family suggests that these proteins could play different roles in monocotyledons than in dicotyledons. A demonstration of this additional complexity is the finding that the VRN1 gene, a Triticum AP1 orthologue, is induced by vernalization in winter wheats. As VRN1 controls flowering time on cold treatment, it appears that this gene in wheat not only defines outer whorl identity, but plays an additional role in floral transition . Similarly, over-expression of OsMADS18 in rice accelerates flowering time, whereas silencing of the gene produces no visible phenotype (Fornara et al., 2004) .
Although the A function appears to be conserved between certain cereal genes and Arabidopsis, the situation may be more complex. Some AP1-like cereal genes do not appear to be involved in whorl 1 identity. This is not unique to cereals:
no true A-function protein has been found in Antirrhinum, for example (Huijser et al., 1992) . A better characterization of the numerous AP1-like genes is required to establish the presence of a defined A-function class of proteins in cereals.
The B-class genes AP3 and PI are responsible for petals and stamen identity in Arabidopsis. SILKY1 (SI1) from maize and OsMADS16 or SUPERWOMAN1 (SPW1) from rice are AP3 orthologues (Ambrose et al., 2000; Nagasawa et al., 2003) .
These genes are expressed during the early development of lodicules and stamens. Mutations in these genes induce homeotic changes from stamen into carpels and lodicules into lemma/palea-type organs. These data confirm that, in cereals, lodicules correspond to whorl 2 and stamen to whorl 3; the data also suggest that the lemma/palea corresponds to whorl 1. Moreover, the data also suggest that B function is conserved between monocotyledons and dicotyledons.
OsMADS2 and OsMADS24 from rice and Zmm16, Zmm18
and Zmm29 from maize appear to be homologues of PI (Münster et al., 2001; Kater et al., 2006) . RNA profiling analysis showed that OsMADS2 is expressed in the inner whorls, whereas OsMADS24 is present in organs from whorls 2 and 3 (Kyozuka et al., 2000; Yadav et al., 2007) . Antisense co-suppression of OsMADS4 in rice converts lodicules to lemma/palea and stamens to carpel structures, confirming its role in whorls 2 and 3, and demonstrating a conserved function between the Arabidopsis and rice orthologues (Kang et al., 1998) . Interestingly, when OsMADS2 was silenced, no modification in stamen development was found, although lodicules were modified into lemma/palea (Prasad and Vijayraghavan, 2003) . Wheat has two orthologues of PI (WPI1 and WPI2) and one orthologue of AP3 (WAP3) (Zhao et al., 2006a) . When analysing the expression of the WPI1 and WAP3 genes, Hama et al. (2004) showed RNA expression in lodicule and stamen primordia. Moreover, by studying alloplasmic wheat lines presenting homeotic changes of stamen into pistil-like structures, they demonstrated the role of these B-class proteins in floral organ identity.
In Arabidopsis, the B-class proteins AP3 and PI function as a heterodimer to regulate the transcription of floral genes. Whipple et al. (2004) showed that the maize orthologue of AP3 (SI1) formed a heterodimer with Zmm16, an orthologue of PI. In addition, they demonstrated that SI1 or Zmm16 could activate transcription by forming heterodimers with PI and AP3, respectively. Arabidopsis AP3 and PI mutants could also be rescued with the maize orthologues. This finding suggests that the B function in maize and Arabidopsis is conserved and grass lodicules correspond to petals.
The stamen and carpel organ identities in Arabidopsis are controlled by the C-class gene AG (Jack, 2004) . Two C-class genes were found in maize: Zag1 and Zmm2 (Schmidt et al., 1993; Theissen et al., 1995) . Zag1 is highly expressed in pistils, whereas Zmm2 is mainly expressed in stamen. Knockout in Zag1 induces indeterminate cellular growth in the ovary, but does not modify tassel identity (Mena et al., 1996) . The lack of a tassel phenotype suggests that Zmm2 is redundant with Zag1 in stamen determination. Similar to maize, rice has an orthologue of Zmm2 (OsMADS3) and an orthologue of Zag1 (OsMADS58). RNA profiling has shown that OsMADS3 is mainly found in the ovule primordia, whereas OsMADS58 is expressed in the stamen and carpel (Yamaguchi and Hirano, 2006) . Ectopic expression of OsMADS3 under the control of an actin promoter transformed lodicules into stamen, which is predicted for C-class genes (Kyozuka and Shimamoto, 2002) . The C-class nature was confirmed by analysis of transgenic rice expressing antisense OsMADS3. These plants had lodicule-like stamens and carpelloid and stamenoid structures instead of carpels (Kang et al., 1998 in rice . Expression analysis of OsMADS13
and Zag2 showed persistent expression in the ovules (Lopez-Dee et al., 1999) . It is not clear whether these genes play a role in determining ovule identity, given that ectopic expression of OsMADS13 in rice and Arabidopsis does not induce ovule formation (Favaro et al., 2002) .
The E function in Arabidopsis is regulated by SEP genes that appear to work in conjunction with the A, B, C and D MADS-box genes to specify floral organ identity. Numerous SEP homologues have been found in cereals. At least 12 SEP-like MADS boxes have been found in wheat (Zhao et al., 2006a) . Characterization of TaMADS1 transcripts shows accumulation in floral primordia. Moreover, ectopic expression induces early flowering and alterations in floral organ development in Arabidopsis (Zhao et al., 2006b) . Maize has seven E-class MADS-box genes (Whipple and Schmidt, 2006) .
Expression profiling of Zmm8 and Zmm14 shows transcription mainly in the meristems of the upper florets, suggesting a role in floral induction (Cacharrón et al., 1999) . In rice, at least five SEP-like genes (OsMADS1, OsMADS5, OsMADS7, OsMADS8 and OsMADS19) have been found . Null mutations in the OsMADS1 or leafy hull sterile 1 (lhs1) genes produce leafy lemma and palea. In addition, the lodicules and stamens are also modified into leafy lemma and palea structures (Agrawal et al., 2005; Bommert et al., 2005b ). These observations demonstrate that OsMADS1, as well as the Arabidopsis SEP proteins, play a role in the E function in rice. Confirming this role of cereal E-class genes, over-expression of OsMADS8 in tobacco induced early flowering (Kang et al., 1997) . In contrast, a loss of function of OsMADS5 does not produce significant disruptions in flower identity (Agrawal et al., 2005) . These data, in conjunction with the complexity of the SEP family in cereals, suggest that these proteins may play additional roles in plant development. vernalization, gibberellin and autonomous pathways (Bernier and Perilleux, 2005) .
MADS-box genes have been characterized in
Photoperiod pathway
The photoperiod pathway promotes flowering in Arabidopsis under long days (LD) (Boss et al., 2004) . The plant perceives the day length through photoreceptors that absorb either red/far-red light for the phytochromes or blue light for the cryptochromes (Lin, 2000; Quail, 2002) .
The transcription factor CONSTANS (CO) plays a major role in stimulating flowering on LD conditions through the transcriptional activation of FT (Samach et al., 2000) . The expression of CO oscillates according to a circadian rhythm and has a peak at the end of the day under LD, which correlates with FT expression, and during the night under short days (SD) (Suarez-Lopez et al., 2001) . Transgenic plants constitutively expressing CO flower earlier than wild-type controls and lose photoperiod sensitivity . In these plants, FT and SOC1 (SUPPRESSOR OF OVER-EXPRESSION OF CO1) are enhanced, demonstrating that CO promotes flowering by activating the expression of these genes (Samach et al., 2000) . Valverde et al. (2004) During LD and under far-red light, phyA appears to stabilize CO similarly to the cryptochromes, given that phyA mutants have less CO (Valverde et al., 2004) . Thus, it appears that, under SD, CO degradation is enhanced via phyB, whereas, under LD, flowering is induced by the stabilization of CO through the cryptochromes and phyA.
The analysis of the genomic sequence of rice and other cereals has shown that many Arabidopsis genes that play a role in the photoperiod pathway and circadian clock have cereal orthologues. This suggests that the molecular mechanisms controlling flowering time in cereals and Arabidopsis are similar. Interestingly, barley CO shows a diurnal rhythm similar to that of the Arabidopsis orthologue (Cockram et al., 2007) . Moreover, the rice orthologue of CO, Heading date 1 (Hd1), appears to play a major role in day length sensitivity (Hayama and Coupland, 2004) . In this SD plant, loss of Hd1 produces an increase in Hd3a expression and induces early flowering under LD and delayed flowering under SD (Yano et al., 2000) . Hayama and Coupland (2004) 
Vernalization pathway
Certain plants, such as winter wheat and Arabidopsis, require (Johanson et al., 2000) . The repression of flowering occurs through the inhibition of FT and SOC1 expression (Mouradov et al., 2002) . FLC is irreversibly down-regulated in a time-dependent manner during cold treatment, and therefore repression of flowering is lifted when warmer temperatures occur (Sheldon et al., 2000) . The cold-induced decrease in FLC expression is stable throughout plant development and remains low even in organs formed at warmer temperatures.
One exception is in gametes, where FLC repression is reset on sporogenesis or gametogenesis (Mouradov et al., 2002) . plays a key role could provide answers as to how cereals modulate SOC1 and FT expression on cold treatment (Yu et al., 2002; Michaels et al., 2003) . Indeed, based on sequence homology, cereal orthologues of AGL24 have been found.
In cereals such as wheat and barley, the response to vernalization is regulated by at least three genes, VRN1, VRN2 and VRN3, which have no relationship to the Arabidopsis genes of the same name (Cockram et al., 2007) . VRN1 encodes an
AP1-like MADS-box and is an orthologue of VRN-
Triticum monococcum Shitsukawa et al., 2007b) . VRN2 is a transcription factor with a zinc finger and CCT (CO, CO-LIKE and TIMING OF CAB EXPRESSION 1) domain (ZCCT domain), also found in CO, and VRN3 is an orthologue of FT (Valverde et al., 2004; Yan et al., 2004) . On prolonged exposure to cold, VRN1 is up-regulated, thus promoting flowering, whereas VRN2 is repressed (Yan et al., 2004) . In spring wheat characterized by dominant VRN1 alleles, the gene is constitutively expressed in plants with dominant spring alleles, therefore explaining flowering in the absence of cold treatment. In winter wheat, a MADS-box transcription factor, VEGETATIVE TO REPRODUCTIVE TRANSITION 2 (TaVRT2), represses VRN1 transcription by binding to a site in the promoter, the CarG-Box (Kane et al., 2007) . When vernalization is complete, TaVRT2 transcripts are down-regulated, permitting the accumulation of VRN1
and flowering. In addition, down-regulation of VRN2 on vernalization leads to the induction of VRN1 (Yan et al., 2004) . This down-regulation can be replaced by SD treatment, demonstrating a link between the photoperiod and vernalization pathways in wheat . This link was also found in barley grown in LD conditions, where VRN1
was expressed despite VRN2 expression (Trevaskis et al., 2006 ).
VRN2 appears to play an integrative role, as its transcription is regulated by day length and by vernalization. Although the
Arabidopsis gene FLC has no orthologues in cereals, VRN2 might play the same role in vernalization.
Gibberellin pathway
The Arabidopsis over-expressing genes involved in the gibberellin biosynthesis pathway are early flowering, independent of photoperiod. In contrast, a decrease in gibberellin levels retards flowering mainly under SD. Although the gibberellin pathway is different from other pathways, it appears to be involved in floral induction, mainly under SD (Boss et al., 2004) . Gibberellin promotes flowering under SD through the induction of the LEAFY (LFY ) transcription factor (Blazquez and Weigel, 2000) . This protein plays a central role in the onset of flowering. LFY is expressed in leaf primordia, and a rapid increase in expression is correlated with floral transition in Arabidopsis during LD (Araki, 2001 ). Although LFY is not a direct target of CO, activation of this protein triggers a rapid increase in expression (Samach et al., 2000) .
The Arabidopsis LFY protein is characterized by a conserved domain found in floricaula/leafy proteins. Although these proteins have been well studied in dicotyledons, not much is known of their function in monocotyledons. Null mutations in FLORICAULA/LEAFY-like 1 and 2 from maize produced defects in inflorescence development and structure, demonstrating that the LFY proteins play a conserved role (i.e.
behave in the same way) in dicots and monocots (Bomblies et al., 2003) .
Although the application of bioactive gibberellins accelerates floral initiation in wheat, sorghum, barley and rice, it remains unclear what transductional pathways are involved in this process (King and Evans, 2003) .
The Green Revolution in the 1960s occurred as a result of farmers adopting new wheat cultivars that were shorter, photoperiod insensitive, higher yielding and with higher harvest indices. The reduced size came from mutations in genes such as Reduced height 1-3, responsible for gibberellin signalling (Peng et al., 1999) . The importance of gibberellin as an essential regulator of cereal growth has been demonstrated; however, its role in flowering is still not clear.
Autonomous pathway
This pathway was identified in a series of Arabidopsis mutants that contained higher levels of FLC than wild-type plants and that were later flowering under all photoperiods (Mouradov et al., 2002) . This delay in flowering is overcome (Caryl et al., 2003; Hamant et al., 2006; Ma, 2006) .
Crossing over is a key process for the accurate segregation of homologous chromosomes during meiosis. It tends to decrease near the centromeres and increase towards the telomeres (Anderson and Stack, 2002) . For example, crossover frequency in wheat, maize and barley tends to increase with relative physical distance from the centromere, whereas in Welsh onion (Allium fistulosum) it clusters close to the centromeres; in Arabidopsis and tomato, the crossover distribution varies between and along chromosome arms, with no apparent rule. Moreover, within chromosome regions (cold and hot, which have significantly low and high crossover frequencies, respectively), crossover rates vary enormously from one kilobase to another in Arabidopsis, indicating the presence of several levels of control, each operating at different scales: chromosomal, regional (megabase) or local (kilobase) Mézard et al., 2007) . Gene-rich regions, for example in wheat, barley and maize, are more recombinationally active than gene-poor regions (Schnable and Wise, 1998) . Two pathways of crossover have been identified: interference-sensitive crossover, which inhibits the occurrence of another crossover in a distance-dependent manner; and interference-insensitive crossover, when both pathways exist in the plant kingdom, including Arabidopsis (Mercier et al., 2005) . (Anderson and Stack, 2005) .
Wheat is a disomic hexaploid, i.e. a polyploid that behaves as a diploid during meiosis. Chromosome pairing is restricted to homologous chromosomes, despite the presence of homologues in the nucleus (Sears, 1976) . Using the Affymetrix wheat GeneChip ® , Crismani et al. (2006) identified 1350 transcripts that were temporally regulated during the early stages of meiosis, many of these associated with chromatin condensation, synaptonemal complex formation, recombination and fertility. Thirty transcripts displayed at least an eightfold expression change between and including premeiosis and telophase II, with more than 50% of these having no similarities to known sequences in the National
Center for Biotechnology Information (NCBI) and Institute for Genomic Research (TIGR) databases that could be used to study the molecular basis of pairing and recombination control in a complex polyploid such as wheat. Furthermore, Crismani et al. (2006) detected four transcripts expressed only in early meiotic stages, three of which showed no significant similarities to sequences in the NCBI and TIGR databases.
These genes are prime candidates, as they may play a role in co-ordinating early meiotic recombination in wheat. Variations in the time for completion of meiosis have also been reported: meiosis in bread wheat anthers is completed within 24 h, in barley 39 h and in rye 51 h (Crismani et al., 2006, and references cited therein). There is also a high degree of asynchrony between male and female meiosis. For example, in Arabidopsis, male meiosis is completed before female meiosis reaches prophase 1 (Caryl et al., 2003) . in Arabidopsis (Izawa et al., 2003; Hayama and Coupland, 2004) . However, rice Hd1 promotes flowering under SD, whereas Arabidopsis CO promotes flowering under LD (Izawa et al., 2003 (Zhao et al., 2005) . A 6-bp insertion/ Eps-5BL1 and Eps-5BL2 mapped close to the centromere on 5BL; one homologous to barley on 5H Tóth et al. (2003) 4-8 QTLs for ear emergence and 5-7 for flowering in 11 environments Börner et al. (2002b) Nse-3A m and Nse-5A m mapped on chromosome 3A m and 5A m , respectively; former homologous to eps3L in barley and the latter to Qeet.ocs-5A1 in wheat Shindo et al. (2002) QEet.ocs-5A1 for earliness per se on 5AL with little influence on grain yield Kato et al. (2002) A major QTL on chromosome 2BS for heading, co-segregated with Ppd-B1, and another on 7BS corresponds to a QTL for earliness per se Sourdille et al. (2000) Table 2 Vrn-B1, Vrn-D1 and Ppd-B1 on 5B, 5D and 2B, respectively; two types of genes for photoperiod sensitivity are known:
one dependent on and the other independent of vernalization; a QTL for narrow-sense earliness close to Ppd-B1 Shindo et al. (2003) Vrn-B1 mapped on 5B and homologous to other wheat, rye and barley vernalization response genes Leonova et al. (2003) Three markers linked to Vrn-B1 on 5BL; Xgwm408 closest in two populations Barrett et al. (2002) deletion in the Dwarf8 (D8idp) polymorphism is associated with flowering time under LD. In maize, the deletion allele shows an average earlier flowering of 29 degree-days for inbred lines and 145 degree-days for landraces. Thus, together with a tissue-specific rice rbcS promoter, showed reduced plant height but more panicles per plant, and produced 6%-21% more grain than non-transgenic plants, demonstrating the potential to manipulate light signal transduction pathways to enhance grain productivity (Garg et al., 2006a) .
The FT gene plays a central role in integrating flowering signals in Arabidopsis, given that its expression is regulated antagonistically by the photoperiod and vernalization pathways (Boss et al., 2004; Jack, 2004; Bäurle and Dean, 2006 More recently, Kane et al. (2007) (Zuhua et al., 2000) .
The reciprocal recognition and flowering time effects of genes introduced into either Arabidopsis or rice suggest that some components of the flowering pathways may be shared.
Moreover, the wheat TaHd1-1 gene can complement rice
Hd1 and function normally in the rice background. These genes thus provide the potential to genetically manipulate the flowering time, employing either well-characterized
Arabidopsis genes or heterologous genes from other cereals, using comparative genomics in cereals.
Inflorescence architecture and development
Genetic and molecular mechanisms regulating inflorescence architecture
Plants undergo a series of profound developmental changes throughout their life cycle. They can be broadly grouped into changes occurring from juvenile to adult leaf formation, vegetative to inflorescence development, and inflorescence to floral meristem initiation (Chuck and Hake, 2005) . Grass inflorescences and flowers have characteristic structures distinct from those in Arabidopsis (Bommert et al., 2005b) .
The major differences are related to changes in the number of branches, the numbers of orders of branches and the amount of axis elongation (Doust and Kellog, 2002) . Information on the developmental transition in plants (Chuck and Hake, 2005) and grass inflorescence diversity and genetics (Bommert et al., 2005b; Malcomber et al., 2006; Doust, 2007; Kellog, 2007) has been published elsewhere. In this section, we highlight only those developmental phenomena and genes involved that, if brought together, might result in substantial improvement in the productivity of the major cereal food crops.
Maize and rice are excellent model systems for studying the genetics and molecular characterization of inflorescence architecture and development in cereals because of the subtle differences in inflorescence, the fact that a large number of mutants affect inflorescence and floral development, the high density of genetic linkage maps, and the fact that the rice and maize genomes have been fully or partially sequenced (McSteen et al., 2000; Vollbrecht et al., 2005; Dwivedi et al., 2007, and .
Inflorescence architecture is a key agronomic trait. For example, increasing the number of branches in the tassel increases pollen yield, which influences hybrid seed production and overall yield in maize (Cassani et al., 2006) . From an applied breeding viewpoint, the inflorescence architecture genes that map in the vicinity of QTLs that harbour beneficial traits are of significant importance. For example, td1, fea2
and ra map close to the QTLs reported for seed row number and spikelet density in maize (Taguchi-Shiobara et al., 2001; Bommert et al., 2005a; Upadyayula et al., 2006a) . Allelic variation in ra (ra1, ra2 and ra3) forms part of a network of genes that control the production of tassel lateral branches in maize. Lateral branches in the panicle and spikelet density are also of importance in barley, rice and wheat. It is therefore possible that such genes could be manipulated to improve crop yields.
Multiple QTLs control inflorescence branching in foxtail millet (Doust et al., 2005) , and it would be interesting to determine whether any of the ra genes are candidates for these loci. Unlike the extensive use of molecular biology to study the genetics of agronomic traits, including resistance to biotic and abiotic stresses, there have been fewer studies dissecting the QTLs for panicle architecture and development in cereals (Table 4 ). Several QTLs from these studies were identified in regions known to harbour candidate genes, e.g. fea2, td1
and ramosa1 (ra1) in maize, barren stalk1 (ba1), ra1, ramosa2
leafy (lfy), terminal flower1 (tfl1) and Dwarf3 (Dw3) in sorghum, and Q in wheat. The genes Dw3 and ra2 in sorghum were colocalized precisely with QTLs of large effect for rachis length, number of primary branches and primary branch length.
In rice, the QTLs for grain number (Gn1a), grain size (GS3), grain weight (gw3.1 and gw8.1) and grains per panicle (gpa7) have been cloned, and the molecular function has been determined in some cases (Dwivedi et al., 2007, and references cited therein). More recently, Song et al. (2007) cloned a new QTL (GW2) for rice grain width and weight. It encodes a previously unknown RING-type protein with E3 ubiquitin ligase activity, which is known to function in the degradation of the ubiquitin-proteasome pathway. Loss of GW2 function increased cell numbers, resulting in a larger (wider) spikelet hull, and accelerated the grain milk-filling rate, resulting in enhanced grain width, weight and yield. This provides an insight into the mechanism of seed development, a potential tool for improving grain yield in crops.
AP2 is best known for its role in the regulation of flower meristem and flower organ identity and development in Arabidopsis (Jofuku et al., 1994) . A major QTL for seed size and seed weight was mapped on the Arabidopsis chromosome 4 region, which bears AP2 (Alonso- Blanco et al., 1999) . More recently, Jofuku et al. (2005) demonstrated that AP2 gene sequences can be used to genetically engineer significant increases in Arabidopsis seed weight and seed yield. These could serve as useful markers to identify new yield-limiting genes in Arabidopsis, which, in turn, may be used in cereal crops.
Gene expression associated with panicle development, pollination, fertilization and developing seeds
Transcription factors are crucial in controlling development.
Plants exhibit massive changes in gene expression, as measured by differences in transcriptional profiles, during morphophysiological and reproductive development, as well as on exposure to a range of biotic and abiotic stresses. This Elucidating the regulatory mechanisms of plant organ development is an important component of plant developmental biology, and will be useful for crop improvement.
Plant organ formation, or organogenesis, is a well-orchestrated series of events by which a group of primordial cells differentiates into an organ. The stamen is the male reproductive organ, consisting of an anther, in which the male gametophyte develops, and a filament, which provides water and nutrients to the anther. Anther development occurs in two phases. In phase I, the anther structure is established, including the differentiation of cell types and meiosis of pollen mother cells. In phase II, the microspores develop into pollen grains and the anthers dehisce to release pollen grains (Zhao et al., 2002) . Using organ-specific gene expression profiling, Lu 
Maize
Five QTLs for tassel and nine QTLs for ear traits; a QTL on chromosome 7 for tassel branches near ra1, a candidate gene for tassel branches Upadyayula et al. (2006a) Forty-five QTLs for tassel inflorescence; several in regions with candidate genes fea2, td1 and ra1 Upadyayula et al. (2006b) Three QTLs for tassel branch angle (TBA) and six for tassel branch number (TBN), a QTL on chromosome 5 for TBA in the same region as a QTL for TBN Mickelson et al. (2002) 
Foxtail millet
Three QTLs each for primary branches and primary branch density, 6 for spikelets, and 2 for bristle number Doust et al. (2005) Rice Two QTLs associated with increased grain filling independent of spikelets per panicle; QTL on chromosome 12 accelerated grain filling during early filling stage, and QTL on chromosome 8 increased grain filling by translocating non-structural carbohydrate (NSC) from the culm and leaf sheaths to the panicle Takai et al. (2005) Eight QTLs associated with increased spikelets per panicle Kobayashi et al. (2004) A major QTL for spikelets Yagi et al. (2001) 
Wheat
Two to six QTLs for five spike-related traits; Xcfd46-Xwmc702 interval on chromosome 7D related to most traits Ma et al. (2007b) Thirty QTLs for post-anthesis dry matter accumulation (DMA), flag leaf green (FLG), flag leaf weight (FLW) and grain weight per ear (GWE) mapped on 10 chromosomes; 2-4 QTLs for DMA linked to QTL for FLW and GWE Su et al. (2006) Yield QTL on 7AL associated with increased biomass at anthesis and maturity; AINTEGUMENTA and G-protein subunit genes affecting lateral cell division in leaf, homologous to the wheat 7AL yield QTL Quarrie et al. (2006) Several QTLs for variation in spike length, spike compactness and spikelet number Jantasuriyarat et al. (2004) Major QTL for spikelet length and spikelet numbers assigned to A-and B-genome chromosomes Li et al. (2001) Four to six QTLs for spike length, spikelet number and compactness; several affecting more than one trait; a QTL co-segregated with Q involved in ear morphology Sourdille et al. (2000) meiosis and mark the transition from the vegetative to the reproductive phase, and therefore make a great contribution to grain yield. By comparing gene expression profiling of YPOs with that of rice aerial vegetative organs (AVOs), it is possible to gain further molecular insight into this developmentally and functionally important period. Comparative analysis of rice ESTs between YPOs and AVOs revealed nearly 20 000 unigenes differentially expressed in YPOs and AVOs, and about 10 000 mRNAs specifically expressed in YPOs (Tang et al., 2005) . Using a cDNA microarray containing 10 000 unique rice genes, Lan et al. (2004) 
Male sterility and fertility restoration in hybrid breeding
Mapping and cloning nuclear Rf genes CMS is a maternally inherited trait characterized by the inability to produce functional pollen, often associated with unusual open reading frames (ORFs) in the mitochondrial genome. Male fertility can be restored by Rf genes (Schnable and Wise, 1998) . Thus, CMS/Rf systems are ideal models for studying the genetic interaction and function of mitochondrial and nuclear genomes in plants. Several CMS systems, in addition to normal male-fertile cytoplasm, which yields fertile plants in all known nuclear backgrounds, have been reported in maize (S, C and T) (Backett, 1971) , pearl millet (A 1 , A 2 , A 3 , A 4 , A 5 , Av and gero) (Chandra-Shekara et al., 2007) , rice (WA, DA, GAM, HL and DIS in indica, and D and BO in japonica backgrounds) (Tao et al., 2004 , and references cited therein) and sorghum (A 1 , A 2 , A 3 , A 4 , A 5 , A 6 and 9E) (Schertz, 1994) . They can be differentiated by Rf gene(s) that suppress their associated male-sterile phenotype, allowing normal pollen development. To date, few CMS and Rf systems have been extensively exploited in hybrid breeding: for example, A 1 (Tift23A) in pearl millet (Rai et al., 2001) , A 1 (milo) in sorghum (Moran and Rooney, 2003) , T in maize (Ullstrup, 1972) , and D and BO in japonica rice and WA, DA, GAM, DIS and HL in indica rice (Tao et al., 2004) .
DNA markers associated with Rf gene(s) in barley (Rfm1), maize (rf1, rf2, Rf3, Rf4 and Rf5), rice [Rf1, Rf3, Rf4, Rf5, Rf6(t) and Rf-D1(t)], sorghum (rf1 and rf4) and wheat (D2Rf1 and Rf3) ( To date, only rf2 in maize (Cui et al., 1996) , Rf1 in rice (Akagi et al., 2004; and Rf1 in sorghum (Klein et al., 2005) have been cloned. Maize rf2 encodes an 
Rf3
Timopheeviibased CMS Xbarc207, Xgwm131 and Xbarc61 close to Rf3 on 1B and two minor QTLs on 5A and 7D Zhou et al. (2005) aldehyde dehydrogenase that restores male fertility in T cytoplasm . Rice Rf1, delimited to a 22.4-kb region, encodes a mitochondrially targeted protein con- (Chase, 2007) .
Mitochondrial orf79, associated with CMS Boro rice, encodes a cytotoxic peptide responsible for CMS. PPR proteins encoded by Rf1 block the production of cytotoxic peptide in this rice, and expression of orf79 in CMS lines and transgenic rice plants causes gametophytic male sterility .
Mitochondrial DNA in T cytoplasm of maize contains an
ORF13 that produces a 13-kDa polypeptide unique to T-type Guo et al. (2006) sterility (Dewey et al., 1987) . Assessing the genetic purity of hybrids, CMS and maintainer lines
Ensuring the genetic purity of parental lines and hybrids is a prerequisite to realizing the full potential of the hybrids. It is estimated that every 1% impurity of female line seed in rice hybrid seed reduces the yield by 100 kg/ha (Mao et al., 1996) . One of the common admixtures in hybrid seed production is that of maintainer lines with CMS lines. Given that both are isonuclear lines, it is not possible to distinguish between them until they flower. The purity of hybrid seed lots is normally assayed by a grow-out test on a representative sample of the seed to be marketed (Verma, 1996) . The growout test involves growing plants to maturity, and assessing the morphological and floral characteristics that distinguish the hybrids, thus precluding the immediate cultivation of the hybrid seed produced. The grow-out test is costly and subject to high genotype-environment interaction. DNA-based markers can be used to assess more quickly and precisely the genetic purity of hybrids and their parental lines. For example, several PCR-based markers have been reported in rice that not only discriminate between CMS lines and their cognate maintainer lines, but also serve to assess the genetic purity of the hybrids (Table 7) . More research is needed to develop such marker systems in other crops in which three-line hybrids are used.
Mitochondrial DNA sequence variation is also useful for fingerprinting male sterility-inducing cytoplasm, determining cytoplasmic diversity amongst germplasm accessions and identifying new sources of cytoplasm that induces male sterility (Xu et al., 1995) .
Engineering CMS for hybrid breeding
Several mechanisms have been reported to create a de novo CMS trait in a species lacking CMS, or to eliminate the flaws in an existing CMS system in plants, mostly affecting tapetum and pollen development (Yui et al., 2003; Zheng et al., 2003) . Severe phenotypic alterations as a result of interference with plant metabolism and development have precluded their use in agriculture (Goetz et al., 2001) . Mitochondria and plastids are maternally inherited in most plant species.
Transformation of chloroplasts with genes interfering in the plastid metabolic pathway essential for pollen development is the most exciting prospect for the development of new forms of CMS. Ruiz and Daniell (2005) Male fertility in flowering plants is dependent on the production of viable pollen grains within the anther. Genes expressed exclusively in the anther are likely to include those that control male fertility. Bcp1, an anther-specific gene from Brassica campestris, is essential for pollen development.
Inhibition of its expression in either tapetum or microspores prevents the production of fertile pollen in transgenic Arabidopsis plants (Xu et al., 1995 He et al. (2003) RM 164 and pTA248 Detects polymorphism between CMS, hybrid and restorer lines Yashitola et al. (2002) wild-type pollen, these transgenic plants produce normal seed sets, confirming no adverse effect on female fertility.
Thus, Bcp1 or RTS and its promoter have great potential for engineering male sterility in other crop plants. The development of PCR-based, marker-aided selection involving Rf genes would significantly reduce the time and resources needed to make and evaluate test crosses in hybrid breeding programmes.
Pyramiding TGMS and
